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PREFACE

This reportis the fifth revision of a continuousmprovementstudy on Benefits and
Scenario Analysis (BaSce) from the U.S. Department of Energy Vehicle Techn@digesand
Hydrogen andruel Cell Technologies Offic€ast reportare as follows

1. Islam, E., A. Moawad, N. Kim, and A. Rousseau, 2028 Extensive Study on
Vehicle Sizing Energy Consumption and Cost of Advance Vehicle
Technologies Report No.ANL/ESD-17/17, Argonne National Laboratory,
Lemont, Ill., Oct.

2. Moawad, A, N. Kim, N. Shidore, and A. Rousseau, 30Assessment of
Vehicle Sizing, Energy Consumption and Cost through LSagde Simulation
of Advanced Vehicle Technologid?eport No. ANVESD 15/28, Argonne
National Laboratory, Argonne, lll., March.

3. Moawad, A., and A. Rousseau, 2014ght-Duty Vehicle Fuel Consumption
Displacement Potential up to 204Report No. ANL/ESD14/4, Argonne
National Laboratory, Argonne, IllApril.

4. Moawad, A., P. Sharer, and A. Rousseau, 2Qight-Duty Vehicle Fuel
Consumption Displacement Potential up to 20RBport No. ANL/ESB11/4,
Argonne National Laboratory, Argonne, Iluly.

Links to these reports are on the Argonne Autonomie webpage at
http://www.autonomie.net/publications/fuel_economgport.html The webpage also contains a
link to the Main Assumptions and Results per component and Results per vehicle for each revision.

With each revision of the study, changes were made to the assumptions, control strategies
at the vehicle level, methodologies, and powertrain selections.


http://www.autonomie.net/publications/fuel_economy_
http://www.autonomie.net/publications/fuel_economy_

1 INTRODUCTION

The U.S. Depart me nehicle TechRatogies @fficé @/T() &dydrdgen)and

Fuel Cell Technologies OfficeHFTO) aim to develop sustainable, affordaldad efficient
technologiesfor transportation of goods and peapl€ranslating investments in advanced
transportation component technologies and powertrains to estimate Jebhétléuel savings
potenti al i's critical for under st andologieg DOEG®G s
funded by VTO andHFTO for light duty vehicles. The siulations were performed across:

1 Multiple powertrain configurations (i.e., conventional, powplit, extended
range electric vehicle, battery electric drive, and-tigdl vehicles),

1 Vehicle classes (i.e., compact car, midsize car, small sport utility vehicle
[SUV], midsize SUV, and pickup trucks); and

1 Fuels (i.e., gasoline, diesélydrogenand battery electricity).

These various technologies are assessed for six different timefrebhastory years2015
(reference) 2020, 2025, 2030, and 2045. A delaybofears is assumed betweendedtoryyear
and model yearygar technology isitroduedinto production). Finally, uncertainties are included
for bothtechnologyperformance and cost aspects by considdvigases:

T Low case aligned with DOE technology manager estimates of expected
original equipmentmanufacture(OEM) improvements based on regulatipns
business as usual; and

1 High case aligned with aggressive technology advancements bas&k.bn
targets developed through support by VEMFTO.

Thesescenarios are not intendedamedictons offuture performanced.he energy and cost impact

of different technologies were estimated ushugonomie (vww.autonomie.ngt Argonne vehicle
system simulation toolAutonomie is a statef-the-art vehicle system simulation tool used to
assess the energy consumption, performance and cost of multiple advehicésl technologies
across classes (from light to heavy duty), powertrains (from conventional to HEVs, FCEVs,
PHEVs and BEVs), components and control strategies. Autonomie is packaged with a complete
set of vehicle models for a wide range of vehiclesgaspowertrain configurations and component
technologies, including vehicle level and component level controls. These controls were developed
and calibrated using dynamometer test data. Autonomie has been used to support a wide range of
studies includingnalyzing various component technologies, sizing powertrains components for
different vehicle requirements, comparing the benefits of powertrain configurations, optimizing
both heuristic and route based vehicle energy control and predicting transpatedigy use

when paired with a traffic modeling tool such as POLARIS.

This reportdocuments the assumptioasid estimatesthe vehiclelevel energy consumption
benefits and associated technology costs for the various typgktafuty vehicles All detailsof
vehicle assumptions and simulation resultsar@lable inthe spreadsheets accompanying this
report.


http://www.autonomie.net/

2 METHODOLOGY

2.1 VEHICLE CLASSES AND POWERTRAINS

To enable detailed assessment of the benefits of future technokbges]lowing options are
considered:

1 Five vehicle classexompact, midsize car, small SUV, midsize SUV, and
pickup truck.

1 Two performance categoriesbase (nofperformance) and premium
(performance).

T Six timeframes2015 (reference) 2020, 2025, 2030, and 204ABll years
considered are labatoryyears with a 5/ear delay to production year.

1 Five powertrain configurationsconventional hybrid electric vehicleHEVS),
plug-in hybrid electric vehicleRHEVs) - split HEV, split PHEV,extended
range PHEV, del cell HEV, and battery electric vehicle (BEV).

1 Two technology progress uncertainty levelsw and high cases. These
correspond to low uncertainty (aligned with original equipment manufacturer
[OEM] improvements based on regulations), average uncertaintyhighd
uncertainty (aligned with aggressive technology advancement based on DOE
VTO & HFTO programs).Low-technology progress represents a very small
uncertainty in achieving the target; that is, the manufacturers would achieve this
target without the advarment of DOE VTO& HFTO programs. The high
technology progress represents a very high uncertainty in achieving the target
by the manufacturers as they respond to DOE \&GIFTO targets for the
corresponding technology and laboratory yeHnese uncertairds do not
necessarily entail to predicting future performances.

Figurel displays the simulation optiofsr the vehicles defined and simulated in Autonamie
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FIGURE 1 Vehicle classes, timeframes, configurations, fuels, amelchnology progress level.

2.2 AUTONOMIE OVERVIE W

Autonomie is a Mathworkséased software environment and framework for automotive centrol
system design, simulation, and analysis. The tool, sponsored by the DOE Vehicle Technologies
Office (VTO), is designed for rapid and easy integration of models aitying levels of detail

(low to high fidelity), abstraction (from subsystems to systems to entire architectures), and
processes (e.g., calibration, validation). Developed by Argonne in collaboration with General
Motors, Autonomie was designed to serve sisgle tool that can be used to meet the requirements

of automotive engineers throughout the development prédesst modeling to control.
Autonomie wasuilt to:

1 Estimate the energy, performance, and cost impact of advanced vehicle and powertrain
technologies
1 Support proper methods, from modeitheloop, softwaren-the-loop (SIL), and



hardwarein-the-loop (HIL) to rapidcontrol prototyping (RCP)
Integrate mattbased engineering activities through all stages of developindram
feasibility studes to production release
Promote reuse and exchange of models industige through its modeling
architecture and framework
Support userso6 customization of t he ent it
architecture, processes, and posicessing
Mix and match models with different levels of abstraction to facilitate execution
efficiency with highetfidelity models, for which analysis and higletall
understanding are critical
1 Link with commercial offtheshelf software applications, including &PlOWER,
AMESi mE, and Car SimE, for detailed, physic
1 Protect proprietary models and processes

- == =2 =

Autonomie allows the quick simulation of a very large number of component technologies and
powertrain configurations. Autonomie can do the following:

1 Simulate subsystems, systems, or entire vehicles;

1 Predict and analyze fuel efficiency and cost;

1 Perform analyses and tests for virtual calibration, verification, and validation of
hardware models and algorithms;

1 Support system hardware and software requirgsne

1 Link to optimization algorithms; and

1 Supply libraries of models for propulsion architectures of conventional powertrains
as well as electric drive vehicles (EDVS).

Autonomie is used to evaluate the energy consumption and cost of advanced powertrain
technologies. It has been validated for several powertrain configurations and vehicle classes using
the Argonne Advancedvobility Technology Laboratory (AMTL)ehicle test data (Kim et al.

2013; Kim et al. 2012; Kim et al. 2009; Rousseau et al. 2006; it Rousseau 2000; Pasquier

et al. 2001).

2.3 TEST PROCEDURE
The energy consumptiamassimulated using the Urban Dynamometer Driving Schedule (UDDS)

and Highway Federal Emissions T${WFET) (U.S. EPA, 2019) The vehicle costs are
calculated fromindividual component characteristics (e.g., power, energy, weight).



3 ASSUMPTIONS

Individual vehicle componertrgetassumptions have been determined in collaboration with
experts from DOEand various vehicle assumptions are consultedatiitér rational laboratories,
industry and academia. Each vehicle simulation utilizes a number of component assumptions.

3.1 ENGINE

The ktestdesigns ofnternal combustion engines (ICEs) wittrrent statef-the-arttechnologies

are selected abhebaseline for the differenypes of fuel considered: gasoline (spaghkition [SI])

and diesel (compressiagnition [CI]). The engines used for HEVs and PHEVs are based on
Atkinson cycles generated from test dafaa 2010 Toyota Priusollected at the Argonne
dynanometer testing facilityandthe efficiency maparescaled accordinglio meet DOE targets

A wide range of technologies $ibeen designed to increase engine efficiencies, imgud

Low-friction lubricants

Reduced engine friction losses

Cylinder deactivation

Advanced cylinder deactivation with dynamic skiiing,
Variablevalvetiming (VVT) andvariablevalvelift (VVL) ,
Turbocharging and downsizing

Variable compression ratio (VCRnd

Stoichiometric and leafburn gasoline diredhjection

=A =4 =4 =4 4 -4 -8 A

Instead of analyzing individual engine technologies, the approach is to consider baskets of
advanced technologies consistent with expectations of engine performance ova@hganpeak

and parload efficiencies have beeselectedor each fueltype and timeframe after discussions
with experts and literature revieWablel illustrates the engine peakd parioadefficiencies for

a conventional powertrain across the differentolabory years. The low, and high labels
correspond to the diffen¢ technology performance cases.



TABLE 1 Engine peak and partload efficiency assumptions

Model Year:MY2020 MY 2025 MY 2030 MY 2035 MY 2050
Lab Yeaf 2015 2020 2025 2030 2045
Technology ProgregsLow | Low | High | Low | High | Low | High | Low | High
Naturally Aspirated GASOLINE for Conventional
IC Engine eff 36 38 43 40 413 42 45 44 47
Engine eff at 2bar at 2000rpm 24 25 29 26 30 28 30 30 35
Engine eff at 20% at 2000rpm 24 25 29 26 30 29 32 31 35
Engine eff at 3bar at 1300rpm 33 31 35 34 37 36 39
DIESEL
IC Engine eff 42 43 50 44 50 47 51 438 52
Engine eff at 2bar at 2000rpm 26 27 31 29 33 30 33 32 35
Engine eff at 20% at 2000rpm 30 33 40 37 42 39 44 41 46
Engine eff at 3bar at 1300rpm 32 36 35 39 37 41 39 43

Downsized, Boosted, Gasoline Engine Pathway (Turbo)

IC Engine eff 36 39 43 39 413 40 44 42 46
Engine eff at 2bar at 2000rpm 24 25 26 25 28 26 32 28 33
Engine eff at 20% at 2000rpm 29 30 35 32 36 34 39 36 41
Engine eff at 3bar at 1300rpm 27 28 35 29 38 32 38 34 40

GASOLINE for HEVs based on Atkinson Cycle

IC Engine eff 39 40 46 41 46 43 48 45 50
Engine eff at 2bar at 2000rpm 25 26 30 27 31 30 31.6 35.5
Engine eff at 20% at 2000rpm 24 25 29 26 30 30 32 31 35
Engine eff at 3bar at 1300rpm 33 31 35 34 37 36 39

3.2 FUEL CELL SYSTEM

Table2 illustratesthe power density of fuadell systemsandshows thatbetween theeference

case oflaboratoryyears 2015and 2045the power density increases from 650 Wigthe low

scenarido up tol,000W/kg for the high scenarid’he low and highabelscorrespond to thevo

different technology performance cases considered in the stuslymportant to note that these

estimates are based on the best available data in 2018. Since conclusion of this study, more recent
estimates of fuel cel |l specific power, ef fici
Hydrogen and Fuel Cell Technologies Offick.is also importantd note that these estimates

assumed that fuel cells are manufactured at high volumes, and therefore experience cost reductions
due to economies of scale. The cost of fuel cells given current manufacturing volumes ranges from
$160$210/kW.

1 For current information on HFTO estimates of hydrogen and fuel cell costs, please see publications available here:
https://www.energy.gov/eere/fuelcells/hydrogamdfuel-cell-technologiesoffice-informationresources


https://www.energy.gov/eere/fuelcells/hydrogen-and-fuel-cell-technologies-office-information-resources

TABLE 2 Fuel cell power density assumptions

Model Year; MY2020

MY 2025

MY 2030

MY 2035

MY 2050

Lab Yegr 2015 2020 2025 2030 2045
Technology Progre{ Low Low High Low High Low High Low High
Specific Power FC system Wikg 650.0 659.0 675.0 659.0 800.0 675.0 900.0 700.0 1000.0
Peak Fuel Cell System Efficiency % 61.0 62.0 63.0 63.0 65.0 65.0 68.0 65.0 68.0
Fuel Cell System Specific Cost $lkw 53.0 50.0 50.0 47.0 40.0 44.0 37.0 37.0 30.0

The fuel cell system simulated has been sizedremge 0820 mi on the adjusted combined cycle.

In addition 100% of thehydrogenpresent in the tank is referréalas usableThe fuelcell peak
efficiency is asumed to be at 64 for referencéaboratoryyear2015, which increases t68% for

laboratoryyear2045.

3.3 ELECTRIC MACHINE

Two different electric machines are used as references in this study:

1 Powersplit vehiclesuse apermanentmagnet electrienachine (similar tahe
Toyota Camry)
1 Seriesconfiguration (fuel cells) andlectric vehiclesgVs) use an induction
primary electric machine

The efficiency mapsweremeasured underormaltemperature operating conditioasd include
theinverter lossesThe electric machine power, similarly to the engine, is sizegdon individual

vehicle Table3 details the electric machine efficiency map sources for the different powertrain

configurations.

TABLE 3 Electric machine efficiency mapsources for different powertrain configurations

Powertrain Type

Source of Efficiency Map for

Motorl (Traction Motor) + Inverter

Source of Efficiency Map for
Motor 2 (Motor/Generator) +

Inverter

Mild -hybrid BISG

Parallel HEV

Split HEV andblended PHEV

Camry EM1 data fron®ak Ridge
NationalLaboratory(ORNL)
(Burress et al2008)

Sonata HEV data from ORNL
(Olszewski2011)

(Burress et al2008)

Camry EM1 data from ORNL

Camry EM2 Data from ORNL

(Burress et al2008)

EREV PHEV Camry EM1 data fron©@RNL Sonata HEV Data from ORNL
(Burress et al2008) (Olszewski2011)

BEV Chevrolet Bolt EM datéMomen
2018)

Fuelcell HEV Nissan Leaf data from ORNL
(Olszewski2011)




For the study, the peak efficiency of electric machines for the different powerktrasissaled as

shownin Table4.
TABLE 4 Efficiency scaling of electric machines

Vehicle Powertrain PeakEfficiency Scaled (%)
Micro-HEV / mid-hybrid BISG 96
Powersplit HEV 96
Blended PHEV20 AEREREV 96
PHEV50 AER

3.4 ENERGY STORAGE SYSTEM

The battery performance data used in the stadyprovided by Argonne, Idaho National
Laboratory, and major battery suppligfsrarcfort 2014). A scaling algorithmdeveloped by
Argonne is used for the higgnergy cases (Nelson et al. 2007).

Based on the performance data provided by ArgaiveeHEV, PHEV and BEVapplicationsuse
alithium-ion (Li-ion) battery. Tablé provides a summary of the battetyaracteristics.

TABLE 5 Battery assumptions

Model Year: MY2020 MY2025 MY 2030 MY 2035 MY 2050
Lab Yea] 2015 2020 2025 2030 2045
Technology Progre{ Low Low | High Low | High Low | High Low | High
High Power APPLICATIONS
Specific Power @ 70% SOC W/kg 2750 3000 4000 4000 5000 4500 5500 5000 6000
Power Term $IW 20 20 16 19 15 18 14 17 13
Lab Yegr 2015 2020 2025 2030 2045
Parameter Tech Progregs Low | Low [ High | Low | High | Low | High | Low [ High
High Energy APPLICATIONS (PHEV)
Energy Density (Wh/kg) - Blended PHEV Wh/kg 60 80 100 105 125 110 140 115 170
Energy Density (Wh/kg) - EREV PHEV Wh/kg 70 95 105 105 125 110 140 115 170
Energy Term - based on USABLE Energy - Blended HHE¥/kWh 530 460 300 210 160 185 130 160 120
Energy Term - based on USABLE Energy - EREV PHEV $/kWh 500 365 235 210 160 185 130 160 120
BEV
Energy Density (Wh/kg) Wh/kg 170 170 230 230 310 240 320 280 320
Energy Term - based on USABLE Energy - AEV $/kWh 220 180 170 144 125 140 98 120 80

3.6 LIGHTWEIGHTING

Table 6 details the lightweighting assumptions the glider mass across the different vehicle
classesand laboratory years. The low and high cases illustrate the different technology
performance case3he glider masseduction varies across the different vehicle classes
assumptiorof reduction can be explaindxy the use of better materials and technologies in the
future, such as aluminum unibody structures



TABLE 6 Lightweighting across vehicle classes and laboratory years

Model Year 2025 2030 2035 2050
|Lab Yeay: 2020 2025 2030 2045
Technology Progreg Low High Low High Low High Low High

Cost of Lightweighting :alvl;%- $17.00 $11.00 $17.00 $11.00 $17.00 $11.00 $15.00 $9.00
Compact Car

Vehicle Mass Reference [kg 1320

Non-Powertrain Mass Reference (to be Iight—weightedbkg 977

Glider Cost Reference (Lab Year 2015) $ 7949

Glider mass reduction (Lab Year 2015) % 4% 11% 5% 18% 5% 19% 5% 19%

Total Glider Cost $ $ 8,622| $ 9,111 $ 8,847| $ 9,837| $ 8,847| $ 9,982 $ 8,741 $ 9,612

Total Vehicle mass reduction % 3% 8% 4% 13% 4% 14% 4% 14%
Midsize Car

Vehicle Mass Reference [kg 1595

Non-Powertrain Mass Reference (to be light-weighted)kg 1194

Glider Cost Reference (Lab Year 2015) $ 10671

Glider mass reduction (Lab Year 2015) % 8% 16% 10% 25% 10% 30% 10% 32%

Total Glider Cost $ $ 12295|$ 12772 $ 12,701 $ 13,955 $ 12,701f $ 14611 $ 12462| $ 14,110

Total Vehicle mass reduction % 6% 12% 7% 19% 8% 22% 10% 24%

Small SUV

Vehicle Mass Reference [kg 1636

Non-Powertrain Mass Reference (to be light-weighted)kg 1205

Glider Cost Reference (Lab Year 2015) $ 12617

Glider mass reduction (Lab Year 2015) % % 12% 10% 18% 14% 22% 18% 28%

Total Glider Cost $ $ 14,008 $ 14247 $ 14564 $ 14,963| $ 15398 $ 15533 $ 15807| $ 15,675

Total Vehicle mass reduction % 5% 9% 7% 14% 10% 17% 13% 22%
Midsize SUV

Vehicle Mass Reference [kg 1737

Non-Powertrain Mass Reference (to be light-weighted)kg 1246

Glider Cost Reference (Lab Year 2015) $ 13773

Glider mass reduction (Lab Year 2015) % 11% 13.0% 13% 20% 17% 24% 21% 30%

Total Glider Cost $ $ 16135/ $ 15555 $ 16431 $ 16514|$ 17316 $ 17,076| $ 17,681| $ 17,148

Total Vehicle mass reduction % 8% 10.2% 9% 15% 12% 18% 15% 23%

Pick-Up

Vehicle Mass Reference [kg 2006

Non-Powertrain Mass Reference (to be Iight—weightedbkg 1388

Glider Cost Reference (Lab Year 2015) $ 14710

Glider mass reduction (Lab Year 2015) % 12% 12% 14% 21% 17% 24% 22% 28%

Total Glider Cost $ $ 17438|$ 16475 $ 18120 $ 17,901| $ 18,802| $ 18374 $ 19,224 $ 18,245

Total Vehicle mass reduction % 8% 8.0% 10% 15% 12% 17.0 15% 20.8

3.7 VEHICLE

Table7 summarizes values defined for the frontal area of the reference vehicles for the different
vehicle classes and pernfoance categories.

TABLE 7 Frontal area summary table

Vehicle Class Performance Category Reference value (fp

Compact Base/Premium 2.3

Midsize Base/Premium 2.35
Small SUV Base/Premium 2.65
Midsize SUV Base/Premium 2.85
Pickup Base/Premium 3.25

Table 8 details the drag coefficient of drag reductions for all vehicle classes and performance
categories across all laboratory years and technology progresses.



TABLE 8 Rolling resistance reductions for reference vehicles by laboratory year artdchnology progress

Model Year MY2020 MY2025 MY2030 MY2035 MY2050
Lab Yea] 2015 2020 2025 2030 2045
Technology Progres| Low Low High Low High Low High Low High
Rolling Resistance Reductidn% 0 5 10 5 10 10 25 15 30

Table9 summarizes theeferencalrag coefficient assumptions for the different vehicle classes.

TABLE 9 Reference dragcoefficient assumptions

Vehicle Class Performance Category Referencé/alue
Compact Basepremium 0.31
Midsize Basepremium 0.30
Small SUV Basepremium 0.36
Midsize SUV Basepremium 0.38
Pickup Basepremium 0.42

Table D details the drag coefficient of drag reductions for all vehicle classes and performance
categories across all laboratory years @uatinology progresses.

TABLE 10 Drag coefficients reductions for reference vehicles by laboratory year and technology progress

Model Year; MY2020 MY 2025 MY 2030 MY 2035 MY 2050
Lab Year 2015 2020 2025 2030 2045
Technology Progre{ Low Low High Low High Low High Low High
Drag Coefficient Reductioh % 0 5 10 5 10 10 25 15 30
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4 VEHICLE POWERTRAIN SIZING

4.1 VEHICLE TECHNICAL SP ECIFICATION (VTS)

To sizeindividual powertrain componentghe first step is to define the vehicle technical
specifications (e.g., maximum speed6@mph, gradeabilityetc). The minimum requirements
were developed based on ardiepth analysis of current vehisl& the market

Table 1 provides the 80mph minimunrequirements across vehicle classes and categories.

TABLE 11 Vehicle classification and performance categories

Vehicle Class  Performance Category 0i 60 mph time (s)

Compact Base 10
Premium 8
Midsize Base 9
Premium 6
Small SUV Base 9
Premium 7
Midsize SUV Base 10
Premium 7
Pickup Base 7
Premium 7

Additional performance metrigaclude
1 Gradeability 6% grade at 65 mph
1 Payload 900 kg pickup basepremium only) and
T Towing, 3,000 kg pickup base) and 850 kg pickup premium)

4.2 POWERTRAIN SIZING AL GORITHMS

Sizing each component for each vehicle is an iterative process. If we use a battery electric vehicle
as an example, increasing the required battery energy would increase the vehicle weight which
would then result in an increas electric machine power. Considering the large number of vehicle

to be simulatedseveral automated sizing algorithms have hesauto provide a fair comparison
amongtechnologies.

All sizing algorithms follow the same concept: the vehicle is rgln the bottom up, meaning
each component assumption (specific power, efficieaag,so ohis taken into account to define

the entire set of vehicle attributes (vehicle curb weggtd so forth The process is recursive in

the sense that the main compat characteristics (maximum power, vehicle weight] so oh

are influenced accordingly until all the VTS are met. On average, the sizing algorithm takes

11



between 5and 10 iterations to convergespecific algorithms have beedeveloped for each
powertran (i.e., conventional, poweplit, series, electric) and the application (i.e., HEV, PHEV)

Figure2 illustrates the different processes involuedizinga conventional vehicle.

Initialize Variables

Use grade, perfo estimation to
initialize power of engine

Compute mass

| || 3“9('09"6"0”21“‘;')'“”‘3”0" Passing acceleration performance loop
| (50-80mph)
Performance time Ye‘_ Run passing acceleration
converged? A simulation (50-80 mph)
¢ No
Tune engine power 1s passing acceleration Yey
: oK? = S0P
Engine power = ‘ No
max(grade power, accele power)
Tune engine power
Update vehicle mass Engine power =
max{grade power, accele power,
passing power)
Compute Values using Equations
Acceleration performance loop Update vehicle mass Kun simulation
(0-60mph) l i

FIGURE 2 Conventional powertrain sizing algorithm

1 For HEVs, theelectric machine and battery powers are determined to capture
all the regenerative energy from a UDDS cycle. The engine and the generator
are then sized to meet the gradeability and performance requirements.

T For PHE\20s, the electric machine and batteryveos are sized to be able to
follow the UDDS cycle in electrionly mode (this control is used only for
sizing; a blended approach is used to evaluate consumption). The-batibty
energy is defined to follow the combined drive cycle for 20 mi (adjysTdok
engine is then sized to meet both performance and gradeability requirements.

1 For PHEV50s, the main electrinachine and battery powers are sized to be
able to follow the aggressiviePA US06 drive cyclel{S06 duty cycle with
aggressive highway dring) in electrieonly mode. The batterysable energy
is defined to follow the combined drive cycle for 50 mi (adjusted), depending
on the requirements. The genset (enginsgenerator) or the fuekll systems
are sized to meet the gradeability requiratae

4.3 POWERTRAIN SIZING RESULTS

This sectionprovides examples ahaximum power, energy, and weidior the base midsize
vehicle across several powertrain configurations
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4.3.1 Conventional Powertrain

Figure3 illustrates the evolution in engimeak powefor conventional vehicles across different
laboratoryyears and technology progress cdeeghe different performance categori€siven

by light weighting and aerodynamic improvemetitg, engine peak power decreases.
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Figure 4 illustrates thevehicle test weighfor conventional vehicles across differentdaditory
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years and technology progress cases for the different performance categories
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4.32 Power Split HEV's

Figure 5 illustrates theenginepeak power for midsize HEVs. The engine power for HEVS is
determined by both the performance and gabhdiy requirements. While performance is the
primary factor for current technologies, future lightweighting makes gradeability requirements
critical for some cases.

Lab Year [/ Vehicle Powertrain Technology Progress
2015 2020 2025 2030 2045 M high
80K 77623 M low

75K 72993

l ;

121001
113853

111960
I l . .110945 )
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65K
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=]
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=

90K

FIGURE 5 Engine peak power for split HEV for conventional powertrains

Figure 6 illustratesthe evolution of electric machine peak power for HEVs with different fuel
types Electric machine peak power decreases in the fub@eause ofthe effects oflight
weighting Futurelight weightingmakes the gradeability requirements critical for somes;and

hence the 2030 and 2045 low case contains an electric machine with a higher peak power than the
previous years.
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FIGURE 6 Electric machine power for midsize split HEVs
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4.3.4 Fuel Cell HEVS

Figure7illustrates the fuel cell peak power fordsize vehicled-uelcell systems show a decrease
in fuel cell peak power over timewing to vehicle lightweighting andmproved component
efficiency. The total decrease from the reference case to the 2045 casebeingesnl4% and
45%for fuel cell HEVs in the base categary

Lab Year Technology Progress
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FIGURE 7 Fuel cell system power for midsize fuetell HEVs
4.3.5 Battery Electric Vehicle

Figure8 shows the electrimachine peak power fahe differentBEVs of midsize vehicle class

Electric machine peak power requirements decrease over time owiighttaveighting and
assumptions in electric machine efficiency improvements. The decrease ranges between 22% and
38% fora BEV with200mi of AER (endof-life) on combined driving cyclédjusted) BEV200),

between 24% and 39% farBEV with 300 mi of AER (endof-life) on combined driving cycle
(adjusted) BEV300), and between 28% and 44% #BEV with400 mi of AER (enebf-life) on
combined driving cycle (adjustedBEV400).
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FIGURE 8 Electric machine power for midsize BEVs across powertrains
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Figure9 shows the battery pageakpower for the different midsize BEV powertrains across the
timeframes.Both the electric machine and the battery are close to 50% less powerful by 2045
compared with the reference case€015 for BEV200 and reach almost 70% for BEV4DRIs

can be explained by the impact of lightweighting as well as the combined effect of improved
vehicle component assumptions. With lightweighting and techgoladyvancesthe same
performance could be achieved with a much smaller battery size; hence the sizing logic results in
less powerful electric machines and batteries in the future when compared to the reference case in
2015. BEVs with higher ranges and bigger bateamg motor sizes results in higher reductions
because of the advancement in vehicle technologies.

Vehicle Powertrain / Lab Year Technology Progress
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FIGURE 9 Battery pack power for midsize BEVs across powertrains
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Figure 10 shows the battery padhtal energyfor the different midsize BEV powertrainsrass

the timeframesFollowing thetrend lineobserved for motor and battery pack power sizes, the
battery total energy requirement also decreases similarlytiover Forthe BEV200, the battery
pack total energy decreases by 57% for 2045 compared to BPBiE5decrement reaches almost
an 80% reduction in total battery pack energytfer BEV400. With higher range BEVs, the
reduction observed is much greater because of the combined effeatlvasfces invehicle
technology
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FIGURE 10 Battery pack total energy requirements for midsize BEVs across powertrains
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5 ENERGY CONSUMPTION RESULTS

Unless otherwise specified, all the feeinsumptiorresults are foa combined drive cycle using
unadjusted values based on gasoline equivalEimé results in thisection represent the midsize
vehicle class onlyfull results available in the XLS results)

5.1 CONVENTIONAL POWERTR AIN

The fuel consumptioevolutionfor the midsizeconventional powertraifor gasoline and diesel
fuel typesis shownin Figurell.
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FIGURE 11 Unadjusted fuel consumption for conventional midsizevehicles

The fuel consumptiorevolution for the midsize mildhybrid BISG powertrainfor different
gasoline and diesel fuel typsshownin Figurel2. Fuel consumption decreases over tmgeoss
fuels. Gasoline conventional vehicles consuromf0% to54% less fuel by 2045 compared with
the reference2015)laboratoryyear. Diesel powertrains evolve differently witecreasesangng
from 41% to 57% for the base performance categoriieimprovement varies slightly across the
different performance categories.
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Lab Year / Vehicle Powertrain Technology Progress
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FIGURE 12 Unadjusted fuel consumption for mild-hybrid BISG midsize vehicles
5.2 POWER SPLIT HEV S

The evolution in fuetonsumptiorfor the midsize plit HEVs is shownin Figure 13. Similar to

the conventional powertrain, the fuel consumption for HEVs is expected to decrease significantly
over time. With reference to lavatory year 2015 the fuel consumption fogasoline vehicles
decrease by 30% to 48% in laboratory year 2045 for the base performance cateddry
improvement varies slightly across the different performance categories.
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FIGURE 13 Unadjustedfuel consumption for midsize powersplit HEVs
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5.3 FUEL CELL HEV S
The evolution inunadjusteduel consumption for théuel cell HEVs is illustrated irFigure14.
Fuel consumption in 2045 mbout37% to 43% lower than the reference cakkboratoryyear

2015 This decrease is due to the advaninetechnology and better component @fincies over
time.
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FIGURE 14 Unadjusted fuel consumption for midsize fuelcell HEVs
5.4 BATTERY ELECTRIC VEHI CLE

For BEVs, the results are presented in terms of electrical consumption for the two drive cycles
used in the simulations: UDDS and HWFHimprovements idightweightingand component
sizing in future years lead to a significant decrease in electrical cptisarover time.

Figure 15 illustrates the electrical consumption foridsize BEVs The values, expressed in
Wh/mi, represent the average energy provided by the battery to drive the vehicle fortHemi.
labelslow and highrepresent the technology penitaince case3.heunadjustecklectricalenergy
consumption in HWFET cycles tends to be consistently higherttiznnthe UDDS cycles for

the corresponding cases. The tremdxplained byexaminingthe two drivecycle curves and the
energy that is recovable by regenerative braking. The UDDS cycle consists of many strong and
steep braking periodsyhich allow a great dealof the energy to be recovered. However, the
HWFET cycle consists of stable speeds and limited braking. Hence, the battery recowers mor
energy through regenerative braking during a UDDS cycledbanga HWFET cycle. HWFET
cycles also consist of higher spsedhich affect energy consumption.
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6 VEHICLE -MANUFACTURING COSTS

In addition tothetwo levels of technologyperformanceaincertaintiesthe study computes
two levels oftechnologycost uncertaint caseglow and high). In other wordsthe technology
performancéechnologycost uncertainty levelare illustratedaccording totechnology progress
casesow (low-technologyperformancéigh-technology costasg and high (hightechnology
performance/lowtechnology costasé@. All costs reportedn this section are iB019U. S. dollars
(USD). The cost values in this section represent manufacturing costs, not sale prices.

6.1 CONVENTIONAL

Figure 16 illustrates the manufacturing costs for conventional midsize vehittesabelshigh

and lowrepresent the different technology progress uncertaintg.daskicle prices increase from
laboratoryyear2015to 2030 and then decreases2845. The increase in costsmpared to the
reference 2015 laboratory yearan be explained by several factors rluding cost of
lightweighting the decrease in vehicle weight is accompaniedabyincrease imaterial cost
brought about by escalatingse of aluminum or carbon fibemnd advanced component
technologiesThe difference in manufacturing cesietween theliesel and gasoline vehicles can
be explained by the differences in engine @adiesel engine costs are much higher than gasoline
vehicle engine costs, driving the difference in manufacturing costs.

FIGURE 16 Manufacturing cost (2019USD) of conventional vehicles

6.2 POWER SPLIT HEV S

Figure 17 shows the vehickenanufacturing costs for powsplit HEVs. Over time,
manufacturing costs decrease for powglit HEVs because energy storage and electric machine
costs decrease in the futuAdthough the glider cost increases over time, the overall effect on the
manufacturing cost follows a downward trend. Similar to the explantirahe trend observed
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